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Abstract 
 
 This Major Qualifying Project investigated the restoration and green design of the 
Worcester State Hospital Nurses’ Home to a state-of-the art, three-storey facility for 
neuropsychiatric research.  It was built in 1877, and the proposed design retained the 
existing masonry exterior.  One-way and two-way reinforced concrete systems were 
developed and evaluated for the interior construction.  Green design included a vegetated 
roof system and strategies for obtaining LEED certification.  Massachusetts State 
Building Code, the IBC and ACI 318 were referred. 
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1 Introduction  
The establishment of institutions such as the Worcester State Hospital in 1877, the 
Brudnick Neuropsychiatric Research Institute in 2002, and the widespread network of the 
University of Massachusetts Hospital have been actively providing numerous medical 
care facilities to the Worcester community.  These facilities have led Worcester to be one 
of the renowned cities in the commonwealth of Massachusetts with regard to medical 
care.      
 The Worcester State Hospital complex located on Belmont Street, Worcester MA 
was severely damaged by a fire in 1991, which led the hospital to close and transfer its 
operations to the newly built Bryan building. As part of the complex, the Nurses’ Home 
functioned as a boarding house for the nurses who were working in the hospital.  It is a 
three- storey structure built in gothic architecture, with exterior masonry construction.    
 Being a civil engineering student with a concentration in structural engineering, I 
proposed restoration of the Nurses’ Home as a new, neuropsychiatric research facility in 
order to accommodate the Worcester community with various medical needs. While 
retaining the existing masonry exterior and utilizing concepts of green design and 
restoration, which involved the replacement of the interior structure, one-way and two-
way reinforced concrete structural systems were investigated for the interior construction. 
The design alternatives included various structural systems and spatial layouts.   
At first, I researched the material appropriate for a green building; this 
information was obtained through the worldwide web.  Structural design analyses were 
performed through the use of classroom knowledge and hands-on learning of relevant 
skills.  Finally various cost estimates were executed to identify the feasibility of the 
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selected structural system that could be used to build the proposed research institute.  
Various considerations for green design were integrated within the process.  
The main objective was to design a structure with the least depth of construction 
in order to create more floor to ceiling height, which would improve natural air 
circulation and the indoor air quality.  The bay size of the chosen structural system was 
vital with respect to the needs of a neuropsychiatric research center, and the construction 
cost also played an important role.  Five constraints: economy, environmental, 
sustainability, manufacturability, and health and safety were considered with regard to 
the capstone design criteria.  The performance of cost estimates for each design and 
structural layout in order to achieve an economical structure, addressed the economical 
factor.  The design of a green roof and the installation of glass panels within the exterior 
columns of the structure, while enabling the successful completion of the LEED 
requirements, were indicative of the environmental and sustainability factors of the 
capstone design.  The usage of the knowledge with respect to construction and balancing 
various constraints accomplished the manufacturability factor, while the usage of the 
Massachusetts State Building Code and the International Building Code involved 
realistic health and safety constraints.   
 
 
 
 
 
 
 8
2 Background 
 
The Nurses’ Home was built in order to accommodate the nurses who were taking 
care of the patients in the Worcester State Hospital. The first section of this chapter 
provides the reader with the history of the Worcester State Hospital and the Nurses’ 
Home.   
Restoration is a method that has been used to preserve the historical and community 
value of old structures while enabling their use for present day ventures.  Since this 
project involves restoration, the second section of this chapter provides the reader with a 
basic understanding of certain aspects, an overview of the restoration process, and finally 
a case study of an actual restoration project.   
Numerous aspects of green design were considered in order to address the capstone 
design factors related to the environment and sustainability.  This chapter provides the 
reader with a basic understanding of green facets and the benefits of a green roof, as well 
the usage of glass windows which lets sunlight enter the building.  The final section of 
this chapter discusses various lab designs and the types of labs that have been used to 
accommodate various laboratory procedures.  It also describes the different features of 
research within respect to a neuropsychiatric facility.    
 
2.1 Worcester State Hospital and the Nurses’ Home 
 
Having a prestigious history of more than 150 years, Worcester State Hospital is 
one of the leading institutions in the field of psychiatry in the nation. Being the first 
public institution for the “insane” in Massachusetts, the Worcester State Hospital was 
first established at Summer Street, Worcester in 1833. This was the result of a grueling 
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campaign by individuals such as Horace Mann, Dorothea Linde Dix and Benjamin Rush- 
the father of American Psychiatry, for the recognition and treatment of mentally ill 
individuals. These individuals were frequently marginalized from society, confined to 
jails, houses of correction, poorhouses and workhouses as if they were common criminals 
(WSH, 2006). 
 Dr. Samuel B. Woodward of Wethersfield, Connecticut was appointed as the first 
superintendent, and the Hospital began operations when it received its first patient on 
January 19, 1833. As the first institution of its kind in Massachusetts, it helped 
revolutionize the public attitude towards the mentally ill. In fact, Worcester State 
Hospital was the first institution in the country to house the criminally insane who were 
acquitted in court due to mental illness (WSH, 2006) 
   After Worcester became a city in 1845, a massive urban development plan was 
initiated. This resulted in a gradual decay of the rural setting surrounding the Hospital on 
Summer Street. Owing to its reputation for excellence, and the exponential growth of 
admissions, the hospital fast became overcrowded.  These factors convinced the officials 
for the need to relocate. Hence, in 1869, under the guidance of Dr. Merrick Bemis, the 
third Superintendent, a 600-acre plot of land overlooking Lake Quinsigamond was 
identified as ideal for relocation (WSH, 2006). 
1877 saw the introduction of the new Worcester State Hospital complex at 
Belmont Street with a capacity to accommodate 400 patients. Yet the Worcester State 
Hospital at Summer Street was still in operation.  Later known as the “Clock Tower 
Building”, the newly relocated Hospital began operations on October 8, 1877.  It was 
envisaged during the time that patients should be encouraged towards “agricultural 
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pursuits” and “take healthful walks in the woods” (Seymour, 1983).  Emphasis on these 
activities resulted in the formation of a self-sufficient village environment. With the state 
of Massachusetts establishing its first mental health board, namely, the Board of Insanity, 
Worcester State Hospital became one of the leading centers of research and treatment in 
the area of mental health. This resulted in further expansion of the establishment, and 
with the construction of the Bryan Building housing the William A. Bryan Treatment 
Center in 1958, the total housing capacity rose to 2,600. The introduction of the Bryan 
Building meant the complete closure of the Summer Street establishment (Seymour, 
1983).  
The Hospital strives to improve the quality of its services with active 
collaboration of some of the leading institutions in the field of mental health. Among its 
closest affiliations are the University of Massachusetts Medical Center, the Irving S. and 
Betty Brudnick Neuropsychiatric Research Institute, and the Center for Comparative 
Neuroimaging (WSH, 2006).  The Hospital serves three categories of patients: adults 
with long term illness, court referred individuals in need of forensic evaluation and 
treatment, and geriatric patients with serious illness (WSH, 2006). The Nurses’ Home, 
known as the Hale Building is located on the Worcester State Hospital grounds. It is 
currently out of commission (Worcester Preservation, 2006) 
 
2.2 Restoration 
 
Old buildings, which have been abandoned in cities across the United States, are a 
great asset to this country.  Various reasons have led to the abandonment of these aged 
structures.  High city property taxes and low-priced imported goods led to the desertion 
 11
of certain buildings such as warehouses and factories.  These historical structures could 
be turned into purposeful usage, such as office spaces and research centers, by high-
quality architectural and construction workmanship (Reiner, 1979).  It is has been a 
common factor where preservationists tend to build a new structure within the parameters 
of the old structure (Reed, 1979).  
Restoration is the process of renovation conducted in order to return the structure 
to its original state. It entails replacement and alteration of building elements in a manner 
that is consistent with the structure’s historical significance. It has been one of the 
pioneering concepts (Reiner, 1979) in the treatment of the structures, and an important 
one because it tries to preserve the structure’s historical significance together with a 
contemporary interior. Other treatment methods include adaptation, preservation and 
reconstruction (Historic Preservation, 2006).  Building cleaning, major repair and 
rebuilding are the three major methods of restoration. Building cleaning involves 
removing the dirt from the external appearance of the building, since it is common to 
retain the original exterior shell of the building when restoring. Major repair and 
rebuilding consists of replacing and altering the structure to make it functional, which 
depends on appropriate techniques and materials that are feasible for the process. There 
will be certain up-to-date modifications involved in restoring these structures, and 
sometimes they cannot always be restored to their original state, especially when 
restoring a structure for the convenience of today’s society (Wikipedia, 2006).  
Restoration is not a simple task; there is a lot of thought behind the process 
because there may be times where restoration maybe more expensive than building a new 
structure.  In executing this process there are certain state or local building code 
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provisions that must be followed.  It is the responsibility of the architect and the engineer 
to ensure that the building is structurally sound for the intended occupancy.   
 It is important to identify different structural adaptations and also to evaluate the 
existing conditions of the building when restoring. Prior to restoration there should be a 
detailed inspection done on every aspect of the building.  Table 1 identifies the scope of a 
detailed inspection (Reed, 1979). 
Table 1. Checklist for detailed Inspection 
  
Interior Constraints Exterior Enclosure Interior Finishes 
Floor boards Exterior Features Plaster Work 
Exposed joists Exterior wall coverings Painted Work 
Baseboards Moldings Record of colors used 
Species of Wood Architectural Trim Nails 
Paneling Glass  
Architectural Wood Work   
Old materials   
Hardware   
Lath   
Framing members   
 
Similar to any other construction or renovation project done by contractors, it is 
important to have a comprehensive set of working drawings when restoring.  These 
drawings should include techniques that are needed to stabilize and reinforce the structure 
as appropriate, and should be precisely drawn to scale with the specific dimensions.  
Although the working drawings may diverge from the original architectural drawings, 
they should include every surface of the building, whether or not there will be any 
specific alterations taking place.  It is important that the working drawings provide 
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elaboration on every single architectural detail of the process in order to make the process 
easier and more successful (Bullock, 1978).    
The treatment of existing work plays a vital role in restoration.  It is important to 
identify which sections of the building will be retained in the current condition. The 
owner and the engineer’s point of view also matter in this process. For instance, if the 
outer walls of the building are not satisfactory even though they are strongly built, the 
walls may be replaced or altered accordingly (Bullock, 1978).  The restoration of a livery 
stable and garage to a city’s town hall in Marshall Michigan, 1857, the restoration of 
Victoria Crossing Mall and the Stewart Hall are a few examples for restoration (Reed, 
1979).  
A prime example of a restoration process is the conversion of a two-story warehouse 
of Connecticut into an office building.  This warehouse had been used by a large 
distribution and home delivery service company. Eventually the warehouse’s space was 
insufficient for the purposes, leading to its abandonment. The company built a new, more 
spacious warehouse in close proximity. The old warehouse was 142-ft long and 105-ft 
wide, covering an area of 15000 square feet. The two-storey building had a 5 inch thick 
reinforced concrete slab, laid over 8 inches of gravel, and it was almost 16-ft in height 
(Reiner, 1979).  
 Inspection of the building indicated that the original foundation was well-built 
and did not need replacement.  The same was observed for the steel columns, which were 
built around the building and the exterior walls. There were new steel columns installed 
on top of the existing columns in order to create a second floor in the structure to make it 
three-storey building altogether. There were more openings such as doors, windows and 
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glass modifications created in the structure.  For building code compliance, two stairways 
were built with each one leading to an exit. In the area of masonry the new doors and 
windows were patched with brick identical to the pre-existing conditions (Reiner, 1979).   
The restoration of the abandoned warehouse into a first-rate office space facility 
provided the knowledge and the thought process pertaining to this proposal restoration 
project. It is vital to have a good architect and a structural engineer when restoring.  It 
also supplied some useful tips in restoring the Worcester State Hospital Nurses’ Home 
into a modern state-of-the art research facility. 
  
2.3 Green Building concepts 
 
In an era in which many communities are striving to develop various alternatives 
to minimize the hazardous impact of pollution on the environment, construction of green 
buildings is playing an increasing role in this matter (Green Building EPA, 2007). 
Construction and maintenance of buildings has had a major impact on the environment 
and its natural resources in various ways. According to statistics, one third of the energy 
consumption in the U.S is consumed by buildings through operation and maintenance 
(Green Building EPA, 2007).  The rapidly increasing number of buildings in the country 
has paved a pathway to research innovative methods of minimizing their impact on the 
environment and natural resources. Construction of green buildings has been an 
alternative solution for this negative impact on the environment (Smart Communities 
network, 2005).  Figure 1 below shows the total environmental pollution and the 
percentage of building-related air pollution in the U.S.  As shown in Figure 1, the largest 
amount of waste (11 billion) was caused by non-hazardous industries (700 million), not 
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hazardous industries.  This means that the government imposed regulations for hazardous 
industries has lead to their production of less waste.  Municipal solid waste caused the 
least amount of environmental pollution which was 18 million tons of waste per year.  In 
total the building-related air pollution contributes 600 million tons of waste per year, and 
this is one of the factors that led to the construction of green buildings.  The goal of 
building green is to reduce building-related air pollution and improve air quality inside 
the building, which creates a better habitat for the building occupants.      
  
 
Figure 1. Environmental pollution per year  
(B.E.S.T, 2006) 
 
 Building green contributes to the concepts of sustainable construction and 
sustainable development. Other objectives of a green building are increasing their 
efficiency with regard to energy, water, materials management and creating a healthy 
environment for its occupants; and also reducing its impact on the environment.  
Designers of green buildings have always tried to create a relationship with the building 
structure as well as the building’s surroundings in an ecological manner. Green buildings 
typically use renewable resources such as sunlight through passive solar, active solar and 
photovoltaic techniques (Wikipedia, 2006).  Considering the objectives mentioned above, 
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one could basically sum them all together and reword them as the four “R” s, which are 
(Building Environmental Science and Technology (B.E.S.T), 2006): 
• Reduce – lowering the material quantities, energy and resources 
• Reuse – usage of construction materials that re used 
• Recycle- Usage of the material which are recycled or designed for recycling. 
• Renewable –Usage of natural sources and renewable building material. 
2.3.1 Benefits of a green building 
 
Green buildings tend to have a higher initial cost of construction in comparison to 
conventional buildings, but they have a low operating and maintenance cost which is a 
big advantage in the long run.  Other useful benefits include improved occupant health 
and comfort, reduced pollution, and high employee productivity especially in a working 
environment (Green Building Basics, 2006).   When constructing a green building there 
are certain principles observed; these include 
• Using efficient energy methods and reusable material ; 
• Minimizing the impact on the environment ; 
• Conserving resources ; 
• Improving the indoor air quality ; 
• Minimizing community issues ; 
Each of these concepts is discussed below. 
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Using efficient energy methods and reusable material
This is mainly coming up with approaches such as developing airtight construction 
and installing renewable and efficient energy systems.  This reduces the impact on the 
natural resources due to the less usage of energy.  
Minimizing the impact on the environment  
Construction of a building can have a great impact on the environment.  There are 
various methods in which one could have a building interact in a more positive manner 
with the environment, such as the installation of a green roof, glass panels instead of 
walls to obtain sunlight during daytime.  One could also try to preserve the environment, 
in which the building has defined natural characteristics, suitable landscaping and finally 
by specifying materials that are locally produced and have a low consumption of energy.  
Minimizing the impact on the environment is also related to the usage of efficient energy 
methods. 
Conserving resources 
There are many ways of conserving resources when constructing buildings. 
Specifying materials that are or could be recycled in some manner, minimizing 
construction waste, installing water and energy efficient products to reduce the operating 
costs, reducing storm water runoff in order to preserve the wildlife habitat, and mitigating 
the impact of construction and usage on air quality are methods for conserving resources. 
Improving the indoor air quality 
Since energy efficient buildings are more airtight than ordinary buildings they have 
a tendency to have poor air quality because of the chemical compositions of building 
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products contain volatiles that off-gas overtime.  Installation of mechanical and natural 
ventilation systems can improve the air quality.  
Minimizing community issues 
 The location of a building plays a vital role in building green buildings.  Having 
easy access to public transportation, medical facilities, shopping areas and recreational 
facilities will reduce the usage of automobiles and would encourage the use of alternative 
transportation methods such as walking and bicycling (Smart Communities network, 
2005).  
There are many challenges in building green.  One major challenge is finding 
recycled material or using recycled material.  Though there is a market for recycled 
materials, the durability of this recycled material is not clear.  One of the other challenges 
in building green is minimizing the waste or being able to recycle the waste that is 
produced through construction.  It is not always possible to recycle construction waste, 
because it may contain hazardous or environmentally unfriendly materials that cannot be 
recycled.  As mentioned above, many buildings tend to involve a lot of chemicals during 
the construction process, potentially leading to poor air quality and a myriad of other 
environmentally unfriendly factors. 
2.3.2 Green roof 
 
 A Green roof is a roof allowing plants to grow on the surface yet it functions as a 
conventional roof which provides storm water management, improving air, water and 
natural wildlife habitat, and reducing heat. A green or vegetated roof mainly includes 
plants, water proofing, a drainage system, filter layer, and a lightweight medium for the 
growth of the plants. This system has been well developed in Europe, and it has begun to 
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be applied in the United States buildings.  There are two types of green roofs and their 
features are outlined in Table 2 (Concrete Thinker, 2007).  It indicates the different soil 
profiles, the type of plants that should be used, and finally the different goals that are to 
be satisfied by each roof.   
 
Table 2. Features of an extensive and intensive green roof 
 
Extensive Intensive 
Shallow soil profile with 1-5 inches Deeper soil profile 6 inches 
Plants that can adapt to microclimate Shrubs or Trees 
To satisfy certain performance goals.  More as a lawn or more as a park 
    
 These roofs can be used to accommodate and provide a sense of community in the 
building by having tables and chairs in order for the occupants to relax and socialize.  
Applicable building types include residential, offices, hospitals, day care centers, schools, 
recreational facilities, shopping centers and airport terminals.  Table 3 provides a basic 
understanding the role of the green roofs in benefiting the building’s surrounding 
environment, its occupants, and its cost of functionality.  Aspects such as storm water 
management, mitigating urban heat island effects and improving the air, water quality 
and the wildlife have a positive impact on the green roof’s environment and its 
surroundings as indicated in Table 3.  Aspects such as aesthetic value and reducing sound 
reflection and transmission have a positive impact on the building’s occupants, and 
finally it helps to conserve energy due to the less use of air conditioning systems as 
specified in Table 3. 
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Table 3. Green roof benefits 
 
Benefits Green roof’s role 
Storm water management The vegetated area slows down the runoff of 
water through its retention and detention 
properties.  It retains 70% of the water in the 
summer while it retains 25-40% in the winter 
(Green roofs for healthy cities, 2005. Figure 4) 
Improving the air and water quality The plants in the green roof absorb the various 
outdoor pollutants and improve the outdoor air 
quality.  This reduces water contamination by 
diluting the sanitary waste in the water. There 
is natural bio filtration which occurs in the 
vegetative area.  (Concrete thinker, 2007) 
Mitigating urban heat island effects This reduces the heat under the roof 
significantly by reducing the air temperature 
and also by absorbing the solar radiation 
(WBDG, 2007) 
Conserving energy This reduces the heat inside the building which 
leads to less usage of AC systems and has 
reduced 25% of the summer energy cooling 
systems usage (Concrete thinker, 2007. Figure 
1,2,3) 
Reducing sound reflection and transmission These absorb a major part of the sound, which 
bounces off the surfaces and reduces the sound 
inside the building.  Functions more as a sound 
proof surface for the structure (Green roofs for 
healthy cities, 2005). 
Improving wildlife habitat These help in developing a self-sustaining eco 
system by using appropriate plants and 
pesticides (WBDG, 2007) 
Aesthetic value This can provide a restful environment for its 
occupants.  It has also found out that hospitals 
use these in order to provide the patients with 
restorative methods after certain illnesses 
(Green roofs for healthy cities, 2005) 
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 Figure 2. Urban Heat Island/ Air Quality Benefits 
 (Green roofs for healthy cities, 2005) 
 
Figure 2 illustrates how a green roof’s functionality supports aspects such as 
conservation of energy, reduction of health impacts and lowers the amount of hazardous 
gases in the surroundings.  
Figure 3 below, explains how factors such as the field capacity of the soil, the 
exposition and the percentage of cover of the vegetation in the green roof, have a positive 
impact on the improvement of the microclimate, the durability of the roof’s sealing and 
then the reduction of the runoff in the surroundings.         
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 Figure 3. Energy Balance 
(Green roofs for healthy cities, 2005)  
 
Figure 4 shows the temperature difference between a bare roof and a green roof.  
The large difference between the temperatures shows how much of an impact the green 
roof has on the reduction of heat in the surroundings.   
     
Figure 4. Temperature comparison between a bare roof and a green roof  
(WBDG, 2007) 
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 Figure 5 illustrates the runoff difference between a bare roof and a green roof.  
The large difference between the runoff volumes shows how much of an impact the green 
roof has on the run off reduction with in its surroundings.   
  
Figure 5. Runoff of a vegetated roof 
(WBDG, 2007)   
2.3.3 Glass panels 
 
Glass panels are large sections that are framed and fixed to the wall of a building.  
Glass panels enable more sunlight into the structure than typical windows.  Having 
sunlight offers many advantages such as (UB Green, 2007) 
  1) Daylighting  
  2) Passive, solar space heating  
  3) Solar water heating (pools, domestic hot water)  
  4) Photovoltaic electricity generation  
  5) Aesthetic value 
 Glass panels allow sunlight to come through to the building, which is one of the 
best ways to save energy by providing superior natural lighting for occupants and 
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reducing the building energy costs for artificial lighting.  This offers aesthetic value to the 
building.  Aspects such as improving indoor air quality can also be addressed by placing 
plants inside the building.  Since most plants perform photosynthesis during daytime, 
they can have a positive impact on the indoor air quality. 
 There are several other aspects that are of concern when daylighting a building, 
since sunlight may contribute too much heat in the summer.  There are methods to design 
the glass to avoid direct sun where the light is reflected and dispersed when bringing it to 
the interior of the building (UB Green, 2007).   
2.4 Research laboratories and their design 
 
Medical research labs have played a pivotal role in the rapidly growing medical 
healthcare industry.  Research labs have been leaders in the exploration and development 
of various medicines and devices that contribute to an improved quality of life of human 
beings.  Heart, cancer, diabetes, bio-research and neuropsychiatry are some examples for 
such research facilities.   
2.4.1 Lab design 
 
Open and closed labs are the two types of labs that are being built in today’s 
architectural world.  Table 4 (WBDG, 2007) outlines the differences between an open 
and a closed lab.  It illustrates dynamics such as the type of research being performed, the 
type of equipment that must be accommodated and its usage, the adaptability of the 
space, and finally how many researches can be conducted at once.  Figure 6 and 7 are 
examples of layouts for an open lab, and Figure 8 is an example for a closed lab.    
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Table 4. Open vs Close labs 
 
Open Closed 
Support team based work Built for specific kind of research 
Share not only the space but the equipment 
as well.  
Accommodates activities such as tissue 
culturing, dark rooms and NMR equipment 
that needs to be housed separately  
Easily adaptable for future needs Cannot be adaptable for future needs 
Two or three researches are carried on each 
floor 
Can accommodate only one research most 
of the time.   
  
It has been a new trend in today’s lab designing, to build flexible or open labs.  
Maximizing flexibility can have an impact on accommodating reconfigurations, 
expanding easily, and satisfying a variety of uses.  There are generic labs that are of the 
same size and are designed with many similarities to each other (WBDG, 2007).  
Equipment zones play a vital role in designing the lab, and they should be defined in the 
initial phases of planning the lab.  In terms of lab planning concepts, there are certain 
aspects that one should consider on top of whether a closed or an open lab is appropriate: 
• Should the labs be separated with glass or by a wall?  This entails whether 
dividing by a wall or glasses have an impact on the specific research that will 
be performed in the lab.  
• Does natural light have an impact on the research? This aspect discusses the 
sensitivity of the specific research of the natural light. 
• What type of corridors can be built in order to accommodate the lab?  This 
entails the circulation of the occupants and how much of occupancy can the 
corridors accommodate in the laboratory.   
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Figure 6: Layout I 
(WBDG, 2007) 
Layout I shown in Figure 6 is an example of an open lab.  Labs are located either 
in the front or the back of the building, with the offices located in the central area 
between the labs.  The lab spaces are divided by a thin corridor.   
   
Figure 7: Layout II 
(WBDG, 2007)  
Layout II presented in Figure 11 is an example of an open lab.  The offices are 
located in two different locations, one in between the labs and the other along one side of 
the building.  There’s a spacious corridor in comparison to that of layout I. 
   
Figure 8: Layout III 
(WBDG, 2007) 
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Layout III shown in Figure 8 is an example of a closed lab design.  There are offices 
located in between labs and a there’s a spacious corridor dividing the spaces for labs and 
offices.  A neuropsychiatric research center conducts experiments such as culturing and 
magnetic resonance imaging.  These experiments need to be conducted in a closed, not so 
spacious environment, since layout III consists of small rooms in comparison to layout I 
and II, layout III was chosen as an appropriate layout in designing the neuropsychiatric 
center.   
2.4.2 Neuropsychiatry and the Brudnick Neuropsychiatric Research 
Institute 
 
Neuropsychiatry deals with the study of the various mental disorders that can occur 
in the human nervous system.  The establishment of the Worcester State Hospital and its 
Bryan building led to the establishment of the Brudnick Neuropsychiatric Research 
Institute in Worcester.  Irving S. and Betty Brudnick founded this facility in 2000 in order 
to dedicate it to the study of the human brain and its behavior and development.  This 
institute houses state-of-the-art MR (magnetic resonance imaging spectrometers) 
facilities and other culturing laboratories.   
This background chapter provides a basic understanding of the planning and 
designing issues that were addressed in this Major Qualifying Project.  Sections on 
history of the Worcester State Hospital and Nurses’ Home, restoration, green buildings, 
and lab design established a base for the work that is presented in the upcoming chapters 
of this report.   
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3 Methodology 
 
This Major Qualifying Project involved developing a plan to restore the Worcester 
State Hospital Nurses’ Home as a neuropsychiatric research facility; concepts of green 
design and LEED certification were a base for work.  Work started by gathering field 
data and researching different aspects of green building design and construction.  The 
next step was to establish the structure for a research facility by exploring the layouts of 
research facilities that have been already built and studying various lab design concepts 
such as “closed” and “open” lab layouts.  The determination of a satisfactory structure, 
involved the investigation of three or more factors: the bay size, depth of construction 
and cost.   
Since this Major Qualifying Project involved restoring an actual facility, it was 
necessary to investigate the existing building to obtain specific details.  However, 
acquisition of the blueprints of the building or investigation of the interior of the building 
was not possible.  Section 1 of the Methodology section discusses how the field data was 
obtained.  Design of the structural components such as slabs, beams, girders and columns 
mainly depend on the live and the dead loadings of the building.  The second section of 
this chapter outlines the process for design of these structural components due to the 
gravity loads.  
Cost of construction was an important factor in determining the appropriate 
structural system.  The third section of this chapter describes the procedure for the cost 
analyses.  The procedure for the selection of the appropriate structural system is 
discussed in the fourth section of this chapter.  
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 Though the structure may be able to sustain the gravity loading that will be applied, 
it also must sustain lateral loadings such as wind and seismic forces.  The location of the 
building is important input for calculating shear forces due to the wind and seismic events 
and the appropriate data were obtained from the Massachusetts State Building Code 
(MSBC).  The fifth section of this chapter discusses the methodology for the lateral load 
analyses.  There were various green design features that were considered for LEED 
certification.  The final sections of this chapter present the methodology that was carried 
on for green design and accessibility (to meet the MSBC requirements).   
3.1 Field data 
 
 Since access to the blue prints and the building was prohibited, an alternative 
method was needed to obtain the various dimensions of the building and its interior 
layout.  With the use of a measuring tape, the exterior length and the width of the 
building was measured.  The height of the building was obtained by using a 6-ft high 
ruler.  At first a photograph of the building containing the total building height was taken, 
while placing a 6-ft ruler at the bottom of the structure.  Then with the use of a scale, the 
building height and the 6-ft ruler were proportioned accordingly in the photograph and an 
estimate for the total building height was obtained.   
3.2 Design and analysis for gravity loads 
 
Three design layouts for column locations were established, and reinforced 
concrete structural members were proportioned for each layout.  I considered fifteen 
structural systems for resisting gravity loads.  Through this process, I was able to narrow 
down the structural layouts and systems with respect to the depth of construction and the 
cost.  Referring to MacGregor’s text Reinforced Concrete Mechanics and Design, I 
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performed hand calculations and then used those calculations to develop Excel 
Spreadsheets as an aid for determining the sizes of different structural members.    
I used the values provided in Table 5 for the design of one-way and two-way 
systems.  A design live load of 100psf for a research facility was obtained from the 
International Building Code for design of the floor systems.  The ACI Specifications 318 
was also used as a reference in this design. 
Table 5 Characteristics of concrete used in design 
 
Concrete characteristics 
 
Value 
Concrete weight 150 lb/cft 
Concrete compressive strength 4000 psi 
Concrete tensile strength 60000psi 
  
 Table 6 outlines the one-way design procedure, which includes the one- 
way beam and girder and the one-way joist and girder system.  The design procedure was 
done in a similar manner for the slab, beam and girder structural components.  For design 
of the one-way joist, a slab thickness was determined by the joist spacing and the size of 
the joists.  The slab sat on the joists which were 16 inches apart.  There were girders 
designed in a similar fashion to that of the one-way slab beam and girder system, in order 
to connect the joists. ΦKn is obtained by the reinforcement ratio ρ value for tension 
controlled limit.  ΦKn (616) as indicated in Table 6 equals to 
12000
2bd where the width (b) 
of the structural component was calculated using that equation.  After determining the 
size of the structural component, the weight was used to update the design dead load for 
both shear and bending strengths.  The Mu value was critical in calculating required area 
of steel (As) for reinforcement, and depending on the number of different bays the 
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components spanned across, Mu values for both positive and negative bending effects 
were obtained as shown in Table 6.  These design analyses are included in Appendix II     
Table 6. One way design procedure 
 
Structural 
Component and 
System 
Slab Beams Girders  One way joist slab 
Min h Min h = L /24 
Min h = L/28 
Min h = L/18.5 
 
Min h = L/18.5 h = 2.5 wide 
spacing = 16 in 
width = 5 in 
Effective depth 
(d)  
h- 1 inch h- 2.5 inch h- 2.5 inch h- 1.25 inch 
Wd (Slab 
weight) 
h/12x150 lb/cft h/12x150 lb/cft h/12x150 lb/cft h/12x150 lb/cft 
Live Load 100 psf 100 psf 100 psf 100 psf 
Dead Load 
 
Slab + MEP + 
Ceiling 
Slab + MEP + 
Beam +Ceiling 
Slab  + MEP + 
Ceiling + Beams + 
Girders 
Slab +MEP+ 
Ceiling 
Factored Load 
Wu
1.4x (DL) + 1.7 x 
(LL) 
1.4x (DL) + 1.7 x 
(LL) 
1.4x (DL) + 1.7 x 
(LL) 
1.4x (DL) + 1.7 x 
(LL) 
Φ kn 616 616 616 616 
Mu (Wuxl^2)/10-1st 
interior support 
(Wuxl^2)/11-2nd 
interior support 
(Wuxl^2)/10 (Wuxl^2)/10 (Wuxl^2)/11 
Shear capacity 
(ΦVc) 
.75 (2 Sqrt(f’c)bwd .75 (2 Sqrt(f’c)bwd .75 (2 Sqrt(f’c)bwd .75 (2 Sqrt(f’c)bwd 
As Mu/Φfyjd Mu/Φfyjd Mu/Φfyjd Mu/Φfyjd 
 
Table 7 outlines the design procedure for two-way systems, which include two- 
way flat slab, flat plate, and a two-way joist system.  Each of these systems involved a 
similar design procedure.  For design of the two-way joist and the flat plate, spandrel 
beams were designed to support the slab edge.  ΦKn is obtained by the reinforcement 
ratio ρ for tension controlled limit.  ΦKn (616) as indicated in Table 7 equals to 
12000
2bd  
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where the width (b) of the structural component was calculated using that equation.  After 
determining the size of the structural component, the weight was used to update the 
design dead load for both shear and bending strengths. The Mu value was critical in 
calculating the required area of steel (As) for reinforcement.  The procedure to calculate 
Mu involved the use of moment coefficients, and their values.  For design of the drop 
panel for the flat slab, the effective depth was taken into account half of the slab 
thickness was used and the drop panels were designed below the slab.  These design 
analyses are included in appendix III 
 
Table 7. Two way Design Procedure 
 
Structural 
system  
Two-way flat plate 
without spandrel beams 
Two-way Flat Slab Two-way Joist 
Min h Min h = L /33 
(For both the panels) 
Min h = L /30 
(For both the panels) 
Min h = L /46.4 
Effective 
depth (d) 
h- 1 inch h- 1.25 inch h- 1 inch 
Wd (Slab 
weight)  
h/12x150 lb/cft h/12x150 lb/cft h/12x150 lb/cft 
Live Load 100 psf 100 psf 100 psf 
Dead Load 
 
Slab + MEP + Ceiling Slab + MEP +  +Ceiling Slab + MEP + Ceiling + 
Beams + Girders 
Factored 
Load (Wu) 
1.4x (DL) + 1.7 x (LL) 1.4x (DL) + 1.7 x (LL) 1.4x (DL) + 1.7 x (LL) 
Φ kn 616 616 616 
Mu (Wuxl^3)/8 
Positive coefficient = .7 
Negative coefficient =.65 
(Wuxl^3)/8 
Positive coefficient = .7 
Negative coefficient =.65 
(Wuxl^2)/8 
Shear 
capacity 
(ΦVc) 
.75 (2 Sqrt(f’c)bwd) .75 (2 Sqrt(f’c)bwd) .75 (2 Sqrt(f’c)bwd) 
As Mu/Φfyjd Mu/4d 0.0018 x d 
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Design of typical slender pin ended columns 
  
 Location of the column together with the tributary area played a vital role in this 
design procedure.  The design of the typical slender columns was conducted in the 
following procedure. 
• Total dead load was calculated for the slab, beam, girder, floor ceiling and the 
columns  
• Factored loading per unit floor area was calculated 1.4x (DL) + 1.7 x (LL) 
• The column axial force was calculated by multiplying its tributary area by the 
factored loading  (Tributary area x factored loading) 
• Column end moments were calculated by multiplying the eccentricity by the 
factored loading (M= Pu x e, top e = 2in, bottom e  = 3 in)  
• A trial column size was estimated and then it was checked to see whether it could 
safely support the loading on the column 
Ag(trial) ≥ Pu/.45(f’c+fyρt) (MacGregor,2002) 
• If the chosen column size couldn’t withhold the load then a larger column was 
chosen.  
• Finally the required reinforcement was calculated depending on the size of the 
column. 
 The design analyses for the slender pin ended columns are included in appendix II 
  
3.3 Cost analysis 
 
After the member sizes were determined, a construction cost estimate was 
prepared for each alternative system.  Cost data were obtained from RS Means - Building 
Construction Cost Data.  The RS Means - Building Construction Cost Data provides 
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construction data gathered from across the country.  The cost estimate was broken down 
according to the members of the various systems.  Costs for the structural members 
included the costs for concrete placement and formwork, as well as the cost of the steel 
reinforcement.  Development of these cost estimates is included in appendix IV. 
 
3.4 Selection of the structural system and layout  
 
The selection procedure for the appropriate structural system was conducted by 
using factors such as the bay size, depth of construction and the cost of construction.  
Since this project entailed the design of a neuropsychiatric research center, the bay size of 
the layout was one of the vital factors in the design.  The bay sizes were chosen to 
accommodate aspects such as culturing and other various experiments typically 
conducted in a neuropsychiatric research center.  The second aspect was the depth of 
construction since it could play an important role in improving the interior air quality of 
the building.  Finally the cost was taken into account in order to ensure that the cost of 
construction of the structural system was feasible.   
 
3.5 Lateral load resistance  
After the gravity load design phase was completed and a suitable layout and system 
were chosen, the lateral load analysis was performed in order to complete the design.  
Two analyses were completed to investigate the effects of wind and seismic loading on 
the rigid frame.  
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3.5.1 Wind loading 
 
In performing the wind load analysis, the Massachusetts State Building Code 
(MSBC) was referred.  According to Table 2 of the MSBC, 17psf was obtained as the 
service wind pressure for a building less than 50 feet in height and located in wind zone 
II.  This pressure was used to calculate storey forces for the wind acting longitudinally, 
and for the wind acting transversely.  The pressure coefficients were obtained through the 
MSBC.  A coefficient of 1.0 was used for the longitudinal direction, and a coefficient of 
0.8 was used for the transverse direction.  Axial forces and bending moments within the 
members of the rigid frame were analyzed with the aid of structural analysis software, 
RISA.  The wind load analyses are included in appendix V.   
3.5.2 Seismic loading 
 
  The MSBC was consulted for the seismic load analysis.  According to MSBC, the 
seismic coefficient Cs was found to be 0.12.  The fundamental period T for the structural 
frame was estimated by its characteristics.  Dead loads for each floor were calculated 
using the tributary area.  Finally, the weight of each storey with partitions was considered 
and the dead loads (concrete weight) were multiplied by the respective coefficients in 
order to attain the uniform factor for each floor.  Appendix V consists of the seismic load 
analyses. 
3.6 Green Design 
 
This section outlines the criteria that I followed to design a green roof and glass 
panels in the proposed structure.  Section 3.6.1 consists of the green roof design 
procedure, and section 3.6.2 discusses the glass panel installation and its constraints and 
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installation of operable windows.  Section 3.7 discusses design of the stairway and the 
elevator for accessibility to the green roof. 
3.6.1 Green roof 
 
As illustrated in Figure 9, a green roof consists of a waterproofing layer, a 
drainage layer, a filter membrane, a growing medium, and the vegetation. 
 
Figure 9. Green roof structure 
(Green roofs for healthy cities, 2005) 
 
There were different design criteria that were followed to determine the most 
appropriate material for each component of the green roof structure.  First was identifying 
a species of plant that could survive the winter and exist all year long.  The identification 
of a suitable plant and the landscaping of the roof are illustrated in the section 4.6.1 of the 
Results.  Appendix VI includes the design and the cost estimate of the green roof.  
3.6.2 Glass panels and operable windows 
 
Glass panels were proposed to replace existing windows in the building. When 
selecting the glass panels and their framing, the exterior column sizes played a vital role, 
since the glass panels were required to fit within the column spacing.  Operable windows 
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were proposed to provide ventilation inside the building.  There were some concerns 
about the size of these operable windows and their location in the structure in order to 
provide proper ventilation in the building.  Section 4.6.2 of the Results illustrates the 
procedure involved in the installation of glass panels and operable windows, and their 
associated costs. Appendix VII includes various supporting calculations for the design 
and the cost estimate of the glass panels and operable windows. 
 
3.7  Accessibility 
 
 According to the provisions of MSBC, the building requires an elevator in order to 
accommodate handicapped personnel and a stairway as an alternative for the elevator 
during a fire emergency.  The stairway was designed as a double flight in order to save 
space versus the space requirement for a single flight.  Section 4.7 of the Results presents 
the design of the stairway and the cost estimates for the stairway and elevator.  Appendix 
VIII contains the supporting calculations done for design and construction.    
 
 
 
 
 
 
 
 
 
 
 
 
 38
4 Results 
 
4.1 Structural Layouts 
4.1.1 Structural Layout I 
 
 
Figure 10. Layout I 
  
 The first structural layout, as shown in Figure 10, consists of 15’x16’ and 
15’x6’ bays, which form 23 bays altogether.  Since the 15’x16’ bay governed the layout 
of the slab, the continuous beams and continuous girders were designed according to that 
bay size.  Typical columns were designed as exterior, interior and corner columns, 
depending on their location and tributary area.      
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4.1.2 Structural Layout II 
 
 
 
Figure 11. Layout II 
  
 The second structural layout, as shown in Figure 11, consists of 22’-6”x16’, 
30’x16’, 22’-6”x6’, and 30’x6’ bays, which formed 15 bays altogether.  Since the 
30’x16’ bay governed the layout of the slab, the continuous beams and continuous girders 
were designed according to that bay size.  Typical columns were designed as exterior, 
interior and corner columns, depending on their location and tributary area. 
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 4.1.3 Structural Layout III 
 
 
Figure 12. Layout III 
  
 The third structural layout, as shown in Figure 12, consists of 45’x16’, 
30’x16’, 45’x6’ and 30’x6’ bays, which formed 9 bays altogether.  Since the 45’x16’ bay 
governed the layout of the slab, the continuous beams and continuous girders were 
designed according to that bay size.  Typical columns were designed as exterior, interior 
and corner columns, depending on their location and tributary area.  
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4.2 Design results  
 
Table 8. One-way beam girder system 
 
Structural 
Layout 
I II III 
One-way slab h = 7 in  
d = 4.5 in 
b = 12 in 
As= 2 # 4 bar 
h = 5  in 
d = 2.5 in 
b = 12 in 
 As = 2 # 5 bar 
 
h = 5  inches 
d = 2.5 in 
b = 12 in 
As = 2 # 5 bar 
 
One-way beam h = 10 inches 
d = 7.5 in 
b = 14 in 
Pos As = 2 # 5 bar 
Neg As = 2 # 4 bar 
h = 13 inches 
d = 10.5 in 
b = 14 in 
Pos As = 2 # 5 bar 
Neg As = 2 # 4 bar 
h = 22 in 
d = 19.5 in 
b = 14 in 
Pos As = 2 # 5 bar 
Neg As = 2 # 4 bar 
One-way girder h = 10 inches 
d = 7.5 in 
b = 14 in 
Pos As = 2 # 5 bar 
Neg As = 2 # 4 bar 
h = 13 inches 
d = 10.5 in 
b = 14 in 
Pos As = 2 # 5 bar 
Neg As = 2 # 4 bar 
h = 22 in 
d = 19.5 in 
b = 14 in 
Pos As = 2 # 5 bar 
Neg As = 2 # 4  
Columns Ext.12in x 12in (18) 
Int. 15in x 15in (13)  
Cn. 12in x 12in (4)  
Ext.15in x 15in (8) 
Int. 18in x 18in (12)  
Cn. 16in x 16in (4) 
Ext.18in x 18in (18) 
Int .21in x 21in (13)  
Cn. 16in x 16in (4) 
 
The beams and girders were designed in the same manner with respect to their 
thickness (h) and width (b), in order to reduce the cost of formwork for construction.    
Table 8 summarizes the design results for the one-way beam and girder systems shown in 
Figures 10, 11 and 12.  The sizes of the slabs, beams, girders and columns increased as 
the bay size expanded.  This increment in size of the structural components clearly 
showed Layouts II and III would result in less clear height or floor- ceiling height, in 
comparison to Layout I.  The one-way beam and girder analyses are included in 
Appendix II. 
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Table 9. One-way joist girder 
 
Structural 
Layout 
I II III 
One-way joist 
slab 
h = 2.5in 
12 in deep joist 
Pos As = 2 # 6 bar 
Neg As = 2 # 5 bar 
h = 2.5in 
12 in deep joist 
Pos As = 2 # 6 bar 
Neg As = 2 # 5 bar 
h = 2.5in 
12 in deep joist 
Pos As = 2 # 6 bar 
Neg As = 2 # 5 bar 
One-way joist 
girder 
h = 8 inches 
d = 5.5 in 
b = 14 in 
Pos As = 2 # 6 bar 
Neg As = 2 # 4 bar 
h = 12 inches 
d = 9.5 in 
b = 14 in 
Pos As = 2 # 7 bar 
Neg As = 2 # 5 bar 
h = 23 in 
d = 20.5 in 
b = 14 in 
Pos As = 3 # 6 bar 
Neg As = 4 # 7 bar 
Columns Ext.12in x12in (18) 
Int. 15in x15in (13)  
Cn. 13in x13in (4) 
  
Ext.14in x 14in (8) 
Int. 18in x 18in (12)  
Cn. 15in x 15 in (4) 
Ext.16in x 16in (18) 
Int. 19in x 19 in (13)  
Cn. 17in x 17 in (4) 
 
 Table 9 presents the design results for the one-way joist system layouts.  
The sizes of the slab and the joists were assumed to be the same for all three layouts as 
shown in Table 9, since it was a suitable slab thickness for a joist spacing of 16 inches.  
Similar to those of the one-way beam and girder systems, the girder sizes increased in 
size as the bay sizes increased. The one-way joist girder analyses are included in 
Appendix II. 
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Table 10. Two-way joist system 
 
Structural Layout I II III 
Two-way joist Slab h = 4.5 in  
d = 3.5 in 
As = 14 # 4bar 
h = 6.5  in 
d = 5.5 in 
As = 18 # 4 bar 
 
h = 12.5  inches 
d = 11.5 in 
As = 22 # 4 bar 
 
Spandrel Beams h = 9 inches 
d = 6.5 in 
b = 14 in 
Pos As = 2 # 5 bar 
Neg As = 2 # 4bar 
h = 12 inches 
d = 9.5 in 
b = 14 in 
Pos As = 2 # 5 bar 
Neg As = 2 # 4 bar 
h = 21 in 
d = 18.5 in 
b = 14 in 
Pos As = 2 # 7 bar 
Neg As = 2 # 8 bar 
Columns Ext.12in x 12in (18) 
Int. 14in x 14in (13)  
Cn.12in x 12in (4) 
Ext.15in x 15in (18) 
Int. 17in x 17in (13)  
Cn. 15in x 15in (4) 
Int. 17in x 17in (18) 
Ext.19in x 19in (13)  
Cn. 16in x 16 in (4)  
 
Table 10 summarizes the design results for the two-way joist systems for the three 
layouts shown in Figures 10, 11 and 12.  Similar to the one-way beam and girder system, 
the sizes of the slab, beams and girders increased as the bay sizes increased.  The 
spandrel beam sizes were smaller than those of the one-way beam and girder system, 
which would provide more clear height or floor to ceiling height. The slab for the two-
way joist design sat on the spandrel beams.  The reinforcement needed was large since 
the slab needed to sustain two-way action.  Appendix III includes the calculations for the 
two-way joist system analyses. 
Table 11. Two-way flat plate without spandrel beams 
 
Structural Layout I II III 
Two-way flat plate 
slab 
h   = 7 in  
d   = 6 in 
As = 8 # 6 bars 
N/A N/A 
Columns Ext.13in x 13in (18) 
Int. 15in x 15in (13)  
Cn. 12in x 12in (4) 
N/A N/A 
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Table 11 contains the results for the two-way flat plate.  Required reinforcement 
for Layouts II and III were significantly large versus that for the other systems. Hence, 
the flat plate results for Layouts II and III were not developed further.  The reinforcement 
of the slab in Layout I was large in comparison with the other systems since it had to 
sustain two-way action.  The clear height or the floor to ceiling height was comparatively 
larger than that for the other structural systems. The flat plate analyses are included in 
Appendix III.   
 
Table 12. Flat slab 
 
Structural Layout I II III 
Two-way flat slab h   = 6 in  
d   = 5  in 
As = 12 # 4 bars 
N/A N/A 
Spandrel beams  h = 13 inches 
d = 10.5 in 
b = 14 in 
Pos As = 4 # 7 bar 
Neg As = 3 # 8 bar 
N/A N/A` 
Columns Ext.13in x 13 in (18) 
Int. 14in x 14 in (13)  
Cn. 12in x 12 in (4) 
N/A N/A 
 
Table 12 includes the design results for the two-way flat slab.  Similar to the design 
of the flat plate, required reinforcement for Layouts II and III was significantly large as 
opposed to that for the other systems. Hence, the flat slab results for Layouts II and III 
were not developed further.  Reinforcement needed for the flat slab Layout I was large in 
contrast to other systems since the slab had to sustain a two-way action.  There were 
spandrel beams designed in order to carry the two-way flat slab. The drop panels were 
designed at the respective columns by leaving one-half of the slab thickness for the 
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design of the drop panel in the column.  Appendix III includes the design analyses of the 
two-way flat slab. 
Cost analysis
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Figure 13. Cost of the structural components in systems 
4.3 Cost analysis of structural systems 
 
 
Figure 13 highlights the various costs for the structural components that comprise 
each system.  The two-way joist system for Layout III had the most expensive slab 
($19.20/sq.ft) as signified above.  The least expensive slab was for the one-way joist 
system ($3.85/sq.ft).  The beams in the one-way system for Layout II ($0.90/sq.ft) were 
the least expensive, while the spandrel beams for the two-way joist system in Layout I 
($4.20/sq.ft) were the most expensive.  For the girders, the estimated cost of the one-way 
joist system in Layout III ($ 2.80/sq.ft) was the most expensive, and the cost of the 
girders for the one-way joist system in Layout I ($0.90/sq.ft) was the least expensive.  As 
Figure 13 signifies the column construction for the one-way beam and girder for Layout 
II ($2.25/sq.ft) was the most, while the column construction costs for the one-way joist 
system for Layout III ($1.3/sq.ft) were the least.  Appendix IV includes the cost estimate 
analyses performed. 
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Figure 14. Total cost for each system 
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 Figure 14 enables comparison of the total costs for each structural system that 
was investigated in the development of this Major Qualifying Project.  These totals 
involve the sum of the costs for the slab, beams, girders and columns for each system.  As 
illustrated, the two-way joist for Layout III ($24.70/sq.ft) was the most expensive 
structural system, while the one-way joist for Layout II ($ 8.20/sq.ft)was the least 
expensive.  The data in Figure 14 are based on the cost estimates included in Appendix 
IV. 
4.4 Analysis of the depth of construction  
 
 Figure 15 provides a means to assess the compatibility of each structural system 
with an overall building height of 36 feet.  This display gives a basic understanding as to 
which systems would actually fit within the existing building and which systems had to 
be eliminated.  For each option the overall height of construction was determined by 
summing the floor depth and a floor-to-ceiling clear height of 10 ft for each of the three 
stories.  To develop a green structure, the floor-to-ceiling height was an important factor 
in improving the air quality through natural air circulation. 
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Figure 15 Cross sectional view the system 
 
 
 
Table 13. The height gained or lost in each system   
 
Structural system The height gained or lost within the 
building 
One-way beam girder system –I (A) 
 
+ 9”        
One-way beam girder system –II (B) 
 
+1’-9”     
One-way beam girder system –III (C) 
 
+ 6’-3”      
One-way joist girder system –I (D) 
 
+2’-5”     
One-way joist girder system –II (E) + 4-1/2”     
 
One-way joist girder system –III (F) 
 
+ 3’-1 1/2”  
Two-way joist girder system –I (G) 
 
- 2’-4 1/2”      
Two-way joist girder system –II (H) 
 
- 1’-1 1/2”      
Two-way joist girder system –III (I) 
 
+2’-7 1/2” 
Flat plate without spandrel beams-I (J) 
 
-4’-3” 
Flat Slab with drop panels-I (K) 
 
-1’-3” 
 
Table 13 presents the height differentials illustrated in Figure 15 in a tabular 
format.  One-way beam and girder for Layout III had the greatest depth of construction, 
extending 6’-3” above the existing building height of 36’.  Flat plate without spandrel 
beams had the least depth of construction; it was 4’ -3” less than the height of the 
building, leaving a considerable amount of space between the floor and the ceiling of the 
building.    
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4.5 Lateral load analysis 
 
4.5.1 Wind loading 
 
As explained in the Methodology section 3.3.1, the shear forces that resulted due  
to wind loads were calculated.  The shear forces obtained for each floor were input into a 
RISA software analysis in order to determine the axial loads and moments for the 
members of the structural frame.  Each moment that was determined was checked with 
each structural component’s moment capacity.  Since the axial loading and the moments 
on the frame due to the wind loading were larger (capacity ratio was more than 1) than 
the moments and axial capacities for most of the structural components of the selected 
structural system (flat plate-I) the structural components had to be re-designed.  These 
wind load analyses are included in Appendix V. 
4.5.2 Seismic Loading 
 
As explained in the Methodology section 3.3.2, the shear forces due  
to the seismic loading were calculated.  Similar to the process mentioned above for the 
wind loads, the seismic shear forces for each floor were input to a RISA software analysis 
in order obtain the axial forces and moments for the frame.    Each moment that was 
obtained was compared with each structural component’s moment capacity.  Since the 
moments and axial loading values were significantly greater than the moment and axial 
capacity (capacity ratio was more than 1) of many of the structural components in the 
selected structural system (flat plate-I), the structural components had to be re-designed.  
These seismic load analyses are included in Appendix V. 
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4.6 Green Design 
4.6.1 Green roof 
 
 
Figure 16.  The green roof  layout 
 
For design and construction of the green roof as indicated in Methodology section 
3.6.1, Vanhoutte Spirea was chosen as the preferred plant for the vegetative area for to 
two factors: 
1) Less maintenance 
2) Winter resistivity   
Vanhoutte Spirea (Figure 17) is appropriate for zone 3 in the USDA cold hardiness 
zone map (Figure 18).  Zone 3 plants are able to resist a temperature as low as -40° to -
30° F (Figure 18).  These plants blossom with flowers during the spring through summer, 
need very little maintenance, and could grow up to height of 6-8 ft (Vanhoutte Spirea, 
2007).  The vegetative area of the green roof is indicated in the shaded area in Figure 16.  
Areas for tables and chairs were also identified to accommodate the occupants when 
socializing on the green roof.    
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 Figure 17. Vanhoutte Spirea  
(A Southern Garden, 2007) 
 
 
 
 
          
Zone 2 Zone 3 Zone 4 Zone 5 Zone 6 
-50° to -40° -40° to -30° -30° to -20° -20° to -10° -10° to -0° 
        
Zone 7 Zone 8 Zone 9 Zone 10
-0° to 10° 10° to 20° 20° to 30° 30° to 40°
Figure 18. USDA cold hardiness map with their respective zones and temperatures 
(Hard zone, 2006) 
 
Secondly a suitable soil was selected in order for sustainable growth in the 
vegetative area.  Vermiculite (Figure 19) was chosen as the soil since it is a well-drained 
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soil that suits plants such as Vanhoutte Spirea (Figure 17).  The vermiculite (Figure 19) 
will be mixed with sand and then used as the soil in order to grow Vanhoutte Spirea 
(Figure 17) plants.  Sand and vermiculite were mixed with a 1:1 ratio (Aroids, 2007).   
 
Figure 19. Vermiculite 
(Aroids, 2007) 
 
Table 14. Cost of the green roof 
 
Item Cost ($) 
Soil – Vermiculite (95 cubic feet) 1320 
Soil – Sand (95 cubic feet) 280 
Plants- Vanhoutte Spirea (284) 1150 
Furniture – chairs (120) 5000 
Furniture – tables (30) 16500 
Railing (1263 Linear feet) 60000 
Total 84250 
 
Table 14 provides the cost elements for the green roof.  Since the chosen soil 
thickness (8inches) was for an “intensive” green roof, the sand and the vermiculite were 
equally distributed with a thickness of 4 inches, combining to 8 inches in total.  The 
tables and chairs were positioned so as to surround the vegetative area, and each table 
was arranged in order to accommodate four chairs.  The costs analyses for the green roof 
are included in Appendix VI. 
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 4.6.2 Glass panels and operable windows 
 
 
Figure 20. Glass panels and operable windows layout 
 
 Glass panels with an aluminum framing were selected to replace the existing 
wooden framed windows in the structure because they were less expensive and suitable 
for a concrete structure.  The exterior column sizes were an important parameter for 
reasoning about the installation of the glass panels within the structural framing because 
the glass panels were required to fit the space between the exterior columns. After 
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researching framing methods and glass panel sizes, 49 square foot fixed glass panels were 
selected in order to fit the column spacing of the structure as shown in Figure 20. Since 
the exterior columns were 12” x 12”, the 7’ glass panels were selected to accommodate 
the column width and the bay length of the structure (Figure 20).   
Three-foot wide and two-foot tall operable windows were chosen for the structure 
as illustrated in Figure 20.  These windows were placed atop the glass panels to 
accommodate natural ventilation inside the building (Figure 20).  The ventilation would 
have a positive impact on improving the air quality.   
 
Figure 21.Diffenbachia 
(Dieffenbachia amoena, 2002) 
 
Table 15. Cost of glass panels and the operable windows 
 
Item Cost ($) 
Glass panels with framing  67400 
Operable windows  13500 
Cost of demolition for the present windows 3060 
Plants-Dieffenbachia (150 plants) 9000 
Total 92960 
 
 Table 15 summarizes the cost for the glass panels, the operable windows, and the 
interior plants, Dieffenbachia (Figure 21) was selected for the indoor plants in order to 
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provide photo-synthesis for the improvement of the indoor air quality.  Table 15 also 
includes an estimate for the demolition of the existing windows.  The glass paneling and 
the operable windows were provided for each side except the front of the building.  
Appendix VII includes the cost estimates that were proposed to construct the glass panels 
and the operable windows.      
4.7 Accessibility 
 
 
Figure 22. Location of the stairs and elevator 
 
As explained in Methodology section 3.7 the structure required a staircase, in 
order to satisfy the MSBC requirements for fire safety.  A staircase with an angle of 45 
degrees to the horizontal plane was built as shown in Figure 23.  The staircase and the 
elevator located towards the front of the building in the shaded area of Figure 22.  The 
main purpose of the staircase was to use it as a fire escape in a fire when elevator usage 
was prohibited.  It was designed in a two-way manner where it spans from an 
intermediate landing in two directions in order to save space.  This strategy reduced the 
height of the stairway span across the floor; a considerable amount of floor space was 
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saved in this construction.  In contrast a single flight of stairs would have required a 12ft 
horizontal projection where as the two-way flight was 6ft in horizontal projection.   
 
Figure 23. Stairway cross section 
 
Table 16 Stairway and elevator cost 
 
Item Cost ($) 
Elevator (5000lbs) 5220 
Stairway (concrete) 560 
Stairway (railing) 11349 
Total 5820 
 
 Table 16 provides the costs for the elevator, to accommodate the handicapped as 
indicated in the MSBC, and the stairway of the structure.  The elevator was sized to carry 
a load of 5000lbs.  The stairway cost included the amount of concrete and the railings 
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needed in order for its construction.  The cost analyses that contributed to determine the 
stairway and elevator costs are provided in Appendix VIII.   
4.8 Consideration of LEED certification  
 
LEED (Leadership in Energy and Environmental Design) is a rating system which 
the U.S Green Building Council has developed to rate buildings according to their 
sustainability.  It consists of various points that could be gained through sustainable 
design in a building.  The green roof that was designed encompasses many LEED factors 
such as: 
• Reduced site disturbance, protect or restore open space 
• Landscape design that reduces urban heat islands, roof 
• Storm water management 
• Water efficient landscaping 
• Innovative wastewater technologies 
• Innovation in design 
The design of glass panels for the wall and operable windows for ventilation fulfilled the 
following LEED factors: 
• Day light and view 
• Thermal comfort 
• Outdoor air ventilation 
• Increased ventilation 
• Construction of improved air quality management plans  
 
Each of the above design criteria enabled the structure to gain LEED points 
according to the U.S Green Building Council.  There were 69 possible points that could 
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be obtained, and 26 to 32 points were needed for the structure to be certified, 33 to 38 
points were needed for the structure to gain silver, 39 to 51 points needed for the 
structure to gain gold, and finally 52 to 69 points were needed in order to gain platinum.  
The above mentioned design criteria together with their respective green factors 
underwent an analysis with the LEED point system.  Further discussion of this analysis is 
mentioned in section 5.1 of the Conclusions.   
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5 Conclusions 
 
Development of this project involved the consideration of various factors.  Since 
the building was built for neuropsychiatric research, the structure was built to be 
compatible a closed lab design, to accommodate culturing and various other experiments 
that needed to be conducted.  As a trade off, the closed lab design limited flexibility in of 
the functional layout and the building structure. The next step was the selection of the 
best structural system with regard to the ceiling height and the cost of construction.  In 
order to satisfy the above mentioned criteria, various reinforced concrete structural 
systems were investigated and a cost estimate was done for each system.  The final step 
was investigating strategies for obtaining LEED (Leadership in Energy and 
Environmental Design) certification.  Finally, a green roof was designed and glass panels 
were placed in the exterior walls of the structure in order to contribute to “specific” 
aspects of LEED certification.        
 
5.1  Structural System selection and Green Design  
 
  In terms of the depth of construction, the following structural systems were 
determined to be compatible within the existing building height: one-way joist system I, 
two-way joist system-I and II, flat slab with drop panels system-I, and the flat plate 
system-I.  Among these systems, the flat plate system-I had the least depth of 
construction which saved 4’-3” (1’-7” per floor) from the building’s height.  The 
estimated cost of construction for this system was $13.70/sq.ft; it wasn’t the least 
expensive system, but neither was it the most expensive system.  This system was chosen 
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as the most suitable structural system, based on the overall factors of 15-ft bay size, depth 
of floor construction, and estimated cost.  
The green design criterion that was adapted in this project contributed to LEED 
certification.  In order to obtain certification, the building needed to gain 26 to 32 points 
out of 59.  The green roof, which consisted of factors mentioned in the Results section 
4.7, enabled the gain of 15 points on the LEED point system. Another 15 points were 
earned on the LEED system due to the glass panels, which involved the factors in the 
Results section 4.7.  The combination of these design features, allowed the structure to 
gain 30 points, which is sufficient to be considered for LEED certification. 
 These aspects fulfilled the major objectives of this Major Qualifying Project, 
which were the identification of a suitable structural system, development of a 
sustainable design, and a LEED certified building.  Hence, while fulfilling these major 
objectives, the desired capstone design criteria of economy, sustainability, 
manufacturability and health and safety as discussed in Chapter 1 Introduction were also 
fulfilled.   
      
5.2  Constraints, assumptions and the knowledge gained 
 
 In the development of this Major Qualifying Project, there were certain 
assumptions made and constraints that were taken into account.  Though this project 
entailed restoration, architectural details and demolition procedures for the existing 
interior construction were not explored.  Moreover, no investigation of strategies for 
rehabilitation masonry construction was performed.  Thus, this project was mainly 
conducted as a design of a new building within the parameters of an existing building.  
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Since there was a new interior designed, the exterior walls, the foundation and the 
footings of the existing building were assumed to be structurally sound to withhold the 
new interior structure. 
I was able to enhance the knowledge that I have already gained in previous 
coursework through real life applications.  The analysis was done with both one-way and 
two-way structural systems, which left me with a large choice of options for selecting the 
appropriate structural layout for the neuropsychiatric facility.  The green building 
knowledge was obtained by studying various materials that were found on the worldwide 
web as well as library references on the design of a LEED-certified green structure. 
 
5.3 Future work 
 
There were certain aspects of the development of this Major Qualifying Project that 
could be explored and extended in the future.  Since the structural components that were 
designed weren’t sufficient to sustain the lateral loading, the members could be re-sized 
and re-designed in order to sustain the lateral loading.  There could be framing aspects 
studied as to the design and construction of the headers needed to frame the glass panels 
within the masonry wall.      
There could be research conducted into different architectural methods and 
implications in restoring a historical building.  If the foundation and the footings of the 
existing structure were insufficient to support the newly design interior structure, they 
could be replaced by design and construction of a new foundation and footings.  Use of 
re-cycled materials could be addressed as additional strategy, to gain LEED points.   
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7.1 Appendix I - Proposal 
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7.2 Appendix II - One-way design 
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7.3 Appendix III – Two-way design 
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7.4 Appendix IV – Cost estimates for the systems 
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7.5 Appendix V – Lateral load and RISA analysis 
 
 129
 130
 131
 132
 133
 134
 
 
 
 
 
 
 
 
 
7.6 Appendix VI - Green roof design 
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7.7 Appendix VII – Glass panel and operable window design  
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